Many bacteria, both gram positive and gram negative, extrude in an energy-dependent manner the fluorescent pH indicator 2',7'-bis-(2-carboxyethyl)-5[and -6]-carboxyfluorescein (BCECF) (D. Molenaar, T. Abee, and W. N. Konings, Biochim. Biophys. Acta 1115:75-83, 1991. This efflux was studied in detail in Lactococcus lactis, and several indications that a transport system is involved were found. This transport system is most likely driven by ATP or a related compound. The evidence is that BCECF extrusion (i) occurs against a BCECF gradient, (ii) is strictly correlated with ATP concentration and not with the proton motive force, and (iii) is inhibited by vanadate and to a lesser extent by N,N'-dicyclohexylcarbodiimide. Most convincingly, a UV mutant with a strongly reduced efflux rate was isolated. Such a mutant was isolated from a BCECF-loaded and lactose-energized population by selection of highly fluorescent cells in a flow cytometercell sorter. The physiological function of this extrusion system is unknown, but its characteristics classify it among the traffic ATPases.
The fluorescent pH indicator 2',7'-bis-(2-carboxyethyl)-5[and -6]-carboxyfluorescein (BCECF) is at physiological pH virtually membrane impermeable in many animal cells and artificial membranes. Nevertheless, several bacteria studied, both gram positive and gram negative, exhibit a fast efflux of BCECF. In a previous publication it was proposed that BCECF efflux in Lactococcus lactis is mediated by a transport system, since it is dependent on metabolic energy but independent of the proton motive force (24) . Efflux proceeds by a first-order process even when intracellular BCECF concentrations are 1 to 3 mM, suggesting that the extrusion system works at these concentrations far below its Michaelis constant (Kin) and is not very specific for BCECF.
In this paper evidence is presented for the existence of an extrusion system and for its energization by ATP or a closely related high-energy compound. Several ATP-driven transport systems are known in bacteria and have been grouped together with similar transport systems from eukaryotes into a class of traffic ATPases, or more generally ATP-binding cassette proteins (18, 23) . Among these are a number of transport systems which catalyze efflux of very different compounds. In eukaryotes there are the genetically and biochemically characterized multidrug resistance (Mdr) P-glycoproteins (2, 6, 14) which extrude several chemically unrelated drugs, a chloroquine efflux protein of Plasmodium falciparum (10) , the yeast a-factor efflux system (3), the suggested heavy metal efflux system from Leishmania tarentolae (4) , and the biochemically characterized taurocholate transport system of the hepatocyte canalicular membrane (26) . In prokaryotes there are the efflux systems for hemolysin, colicin V, and microcin B17 of Escherichia coli (7, 9, 11, 16) ; for leukotoxin from Pasteurella haemolytica (37) ; for cyclolysin from Bordetellapertussis (12) ; for a protease from Erwinia chrysanthemi (20) ; for erythromycin of Staphylococcus epidermidis (33) ; for 0-1,2-glucan of Rhizobium meliloti and Agrobacterium tumefaciens (5, 36) ; for tylosin from Streptomyces fiadiae (34) ; and for daunorubicin and doxorubicin (two mammalian Mdr P-glycoprotein sub-* Corresponding author. strates) in Streptomyces peucetius (15) . The BCECF extrusion system described here is most probably ATP driven and is inhibited by vanadate. It displays at least in these aspects similarity with the eukaryotic Mdr P-glycoprotein. Mutated cells were loaded with BCECF according to the procedure described previously (24) . After loading they were resuspended in 50 mM K-phosphate, pH 7, with 1% lactose and left for 30 min at 30°C. Cells were washed again and kept on ice. A flow cytometer was used to separate high-fluorescence and low-fluorescence cells. Approximately 2,300 highfluorescence events were recorded and separated. This was less than 0.5% of the total events recorded. Of these 2,300 events approximately 600 colonies grew on MRS agar. Thirty-two colonies were tested for BCECF efflux as follows. Colonies were inoculated overnight in 4 ml of MRS medium, of which 100 ,ul was transferred to 10 Measurement of efflux. Loading of cells was performed as described before (24) . The intracellular BCECF concentration is then in the range of 1 to 3 mM. Cells were separated from the medium in an efflux assay, either by filtration or by centrifugation. The centrifugation assay has been described before (24) . In this assay, the amount of BCECF in the supernatant is measured and the percentage of BCECF remaining inside is calculated. The (28) .
MATERIALS AND METHODS

Media
Materials and instrumentation. BCECF was obtained from Molecular Probes, Inc., Eugene, Oreg. A stock suspension of 5 mg/ml was made in water, which was first brought to approximately pH 11 with KOH, and subsequently after a few minutes was neutralized with HCl, as was recommended by the supplier. The solution was stored at -20°C and kept in the dark.
The fluorometer was a Perkin-Elmer LS 50 with computercontrolled data acquisition and storage. The flow cytometercell sorter was a FACSTAR 400. 
RESULTS
Efflux against a high concentration gradient. To determine whether BCECF efflux is driven by metabolic energy, efflux was studied in the presence of a high extracellular BCECF concentration (Fig. 1) . The extracellular concentration in this experiment was 1 mM. In the absence of an energy source efflux occurred at a very low rate, while in the presence of lactose as an energy source efflux was observed to proceed at a high rate against a concentration gradient. Steady state was not reached in this experiment, but the concentration gradient was at least 40-fold. The rate of efflux was hardly affected or not affected by the addition of the combination of valinomycin and nigericin, indicating that efflux is not dependent on the proton motive force. The small stimulation observed in Fig. 1 (24) . In this method the decrease of the fluorescence signal at a constant intracellular pH is used to calculate the first-order efflux constant. The efflux constant was measured at temperatures ranging from 14.4 to 32.0°C. The efflux constants which showed a marked temperature dependence are plotted in an Arrhenius plot (Fig. 2) npounds. First some experiments were done with the effect of different compounds on the efflux under nonened cells. As is shown above (Fig. 1) Fig. 3 . The ATP content of these cells varied between 0.3 and 0.5 mM, but a correlation with the rate of efflux was not observed under these circumstances, indicating that inhibition was probably not due to energy depletion. (21, 35) . Also, the ATP pool was not significantly reduced by vanadate during arginine energization (Fig. 4, inset) . Therefore, the effect of vanadate on BCECF efflux could be monitored in arginine- only a reduced BCECF efflux but also a strongly reduced growth rate and a 70% reduced rate of glycolysis, as deduced from medium acidification of washed suspensions observed with a pH electrode. The second mutant had a growth rate comparable to that of the wild type and a normal rate of glycolysis. Its BCECF efflux rate was reduced but was not zero. The repeated selection on a culture grown from the first selection of cells yielded only BCECF efflux mutants of the second type. Twelve mutants were tested in detail with respect to the rate of BCECF efflux. The efflux rate constants were determined as described before (24) . All mutants showed approximately the same reduction in efflux rate, and some residual efflux activity was observed in all cases. One (Fig. 6) , and the nonenergized Bef-showed no ded with 50 mM detectable efflux over a period of 2 h.
ie vertical axis has
Resistance of the wild type and mutants to several comitration. The tempounds. Since some similarity was observed between the BCECF efflux pump and the eukaryotic Mdr P-glycoprotein, the resistance of the efflux mutant and the wild-type strains against several compounds were compared. To this end, a ular ATP. Since filter disc assay was used. Discs of filter paper (Whatman no. notive force and 3) were loaded with 20 pl of a highly concentrated solution of volvement of a the compound, dried, and placed on a top agar in a petri dish effect of differwith a confluently plated culture. The following compounds vestigated. This were tested: the antibiotics kanamycin, chloramphenicol, 1, which can be tetracycline, and erythromycin; the BCECF analogs fluoresletabolic energy cein and carboxyfluorescein; the Mdr P-glycoprotein subachieved at the strates and inhibitors daunomycin, vinblastin, verapamil, achieved at the and actinomycin D; the substrates of P. falciparum multiby electrogenic drug resistance quinine and chloroquine; the uncouplers ion of protons in carbonylcyanide m-chlorophenylhydrazone and dinitropheon (31). ATP is nol; the heavy metals Cu2" and Pb+; the bacterial multidrug n of the protonresistance substrates (27) The half times calculated from thosphate pH 7, with 10 the catalytic cycle of this carrier (13) . The same conclusion and 26 min for Bef-. The vertical axis has a logarithmic was drawn for the Mdr P-glycoprotein, which iS also specif-.mperature was 30°C.
ically inhibited by vanadate (17 (24) . Our present attempts to clone the gene(s) for this extrusion system will, it is hoped, shed more light on its physiological function and possible relation to the traffic ATPases.
